Relying on a structural nonparametric estimation, we show that CO 2 emissions clearly increase with income at low income levels. For higher income levels, we observe a decreasing relationship, though not significant. We also find that CO 2 emissions monotonically increases with energy use at a decreasing rate.
Introduction
The concept of the Environmental Kuznets Curve (EKC), introduced by Grossman and Krueger (1995) , is a hypothesized relationship among various indicators of environmental degradation and income per capita. In its basic specification, it assumes that during the early stages of economic development, environmental damage and pollution increase. Beyond some level of income per capita, also termed turning point, the trend reverses and economic development leads to environmental quality improvement.
While the inverted U-shape of the EKC has been confirmed for several environmental quality indicators (see Azomahou et al., 2006 , for a literature review), for CO 2 emissions a lot of controversy remains. Indeed, the majority of studies mainly based on reduced-form singleequation models find emissions to monotonically increase with income. These models however do not account for possible feedback effects of the environment to economic growth, or for the fact that the economy and the environment are jointly determined, as explained by Perrings (1987) . Omission to account for feedback effects may lead to simultaneity bias and inconsistent estimates (Stern et al. 1996) . As far as we know, Liu (2005) provided the first study of the relationship between CO 2 emissions and income based on a parametric two-equations system. The author underlined the crucial role of energy use in the system and concludes on a negative relationship between CO 2 emissions and income. However, given the sample used by Liu (2005) -24 OECD countries over the period [1975] [1976] [1977] [1978] [1979] [1980] [1981] [1982] [1983] [1984] [1985] [1986] [1987] [1988] [1989] [1990] -this result may not be representative to conclude on the existence of a CO 2 emissions-EKC.
In this study, we propose a structural nonparametric estimation of the emissions-EKC, relying on the nonparametric triangular system of Newey et al. (1999) . By using a structural model, we improve the specification to account for simultaneity between income and emissions. In addition, by relying on a nonparametric framework we allow for non-linearities of unknown form in the income-environment relationship. It is worth noticing that the nonparametric methodology has been applied to reduced form EKC models (Millimet et al., 2003; Bertinelli and Strobl, 2005; Azomahou et al., 2006; Nguyen Van, 2009) showing indeed important nonlinearities. However, to the best of our knowledge, our study is the first to analyse the CO 2 emissions-EKC in a structural nonparametric specification.
We apply this methodology to panel data of 107 countries, both low and high income countries, over a 44 year period , thus having an excellent coverage in time and income dispersion. Although our results are not supportive for the existence of an EKC for CO 2 emissions, we find that CO 2 emissions firstly increase with income at low income levels and then become delinked with income at high income levels. We also find that CO 2 emissions monotonically increases with energy use at a decreasing rate.
Structural nonparametric specification
We consider the triangular nonparametric simultaneous specification of Newey et al. (1999) :
where y, x and z 0 denote respectively CO 2 emissions per capita, GDP per capita and energy use per capita; z is a set of instruments that includes z 0 . The system (1)- (2) is a generalization of the limited information simultaneous equations model to allow for structural nonparametric relation m(x, z 0 ) between variables y, x and z 0 , and a nonparametric reduced form π(z). The conditional expectation of equation (1) yields the integral equation:
where F denotes the conditional cumulative distribution function of x given z. Thus, functions π and F are the nonparametric generalization of the reduced forms for y and x. Newey et al. (1999) discussed the identification of the system (1)- (2). 1 Starting from a preliminary estimation of the reduced formsπ andF :
the authors developed an estimator form that overcomes the well known ill-posed problem. 2 In order to apply this methodology to analyze the EKC, we specify a generalized additive model (hereafter GAM) for fixed effects panel data. 3 For equation (1), the GAM is
where (2) we use a semiparametric GAM specification the structure of which is given by
where z k 1it s is the kth component (k = 1, · · · , q) of the set of continuous instruments z 1 and z 2it corresponds to other instruments which do enter linearly in the specification. The unobserved fixed effects µ i and λ i can be eliminated by first differences:
Observe that the method of Newey et al. (1999) consists of estimating equation (7) by including an additional control variable which is the first difference residualsû it −û i,t−1 computed from equation (8). Therefore, estimation of equation (7) involves in total five univariate unknown functions associated to x it , x i,t−1 , z 0it , z 0i,t−1 , andû it −û i,t−1 . We perform estimation in two steps: (i) we construct semiparametric first differences residualsû it −û i,t−1 of equation (8) where the parametric estimatesγ are obtained using the Robinson's (1988) procedure. (ii) We estimate the nonparametric model in equation (7) using the residualsû it −û i,t−1 from (i) as additional regressor. In practice, we base our nonparametric estimation on the 'backfitting algorithm' (Hastie and Tibshirani, 1990) . Furthermore, as m j is estimated twice, denoted asm (5), we use CO 2 emissions per capita (in metric tons) as dependent variable. Similar to Liu (2005) , the regressors included in equation (5) are GDP per capita and primary energy use per capita. Statistics in Table 1 ( for 1961, 1982, 2004 and for the whole sample) show that on average, GDP and CO 2 emissions increase over time while energy use remains stable.
Insert Table 1 here
Estimation results
Estimation results are presented in Figure 1 and Table 2 . The curves displayed in Figure 1 correspond to the structural nonparametric functions discussed in the previous section. 4 We use the 'gain' statistic (see Hastie and Tibshirani, 1990 , for further details) to test the significance of non-linearity in the econometric specification. 5 Table 2 summarizes the 'gain' statistics. As can be checked from the p-values, all the parametric functions are strongly rejected in favor of the nonparametric counterparts, meaning that our nonparametric specification provides a better approximation of the data.
Insert Table 2 here
From Figure 1(a) we observe a positive and significant effect of income on CO 2 emissions for low income levels. The turning point is located near 16500 USD per capita GDP, beyond 4 We do not report the results of the reduced-form estimation, since the control variables in equation (8) are only used for the sake of instruments. The results are available from the authors upon request. Moreover, in estimations all the nonparametric functions are normalized to have zero means.
5 The 'gain' is the difference in normalized deviance between the GAM and the parametric linear models. Its distribution is approximated by a χ 2 (df = df g − df l ), where df g denotes the degree of freedom of the GAM and df l is the degree of freedom of the analogue parametric linear model. this point the relationship turns negative. 6 Nevertheless, this decreasing part is not significant. The proportion of observations located beyond the turning point is about 10%. 7 Compared to Liu (2005) who found a downward slope in a panel of 24 OECD countries over the period [1975] [1976] [1977] [1978] [1979] [1980] [1981] [1982] [1983] [1984] [1985] [1986] [1987] [1988] [1989] [1990] , we equally observe such a trend for high income levels implying that the negative effect of income on CO 2 emissions is at least neutralized.
Insert Figure 1 here
In Figure 1(b) , we plot the estimated curve for CO 2 emissions and energy use. As outlined by Liu (2005) , the latter can be viewed as a proxy to account for differences in industrial structure across nations which may explain their ability to reduce emissions. This relationship is monotonically increasing with a concave pattern, meaning that CO 2 emissions increase with energy use but at a decreasing rate. We can interpret this finding as the presence of a learning effect, a technological improvement, and/or changes in energy composition (shifts from fossil energies, which are sources of CO 2 emissions, to non-fossil energies) that allow for limiting CO 2 emissions when using energy. It seems that more energy intensive economies are more likely to implement cleaner technologies and stringent environmental policies which in turn might neutralize the positive effect of income on CO 2 emissions.
Conclusion
We show that CO 2 emissions clearly increase with income at low income levels. For higher income levels, we observe a non significant decreasing slope. This finding reconciles previous results based on different specifications and partial data. Moreover, CO 2 emissions rise with energy use but at a decreasing rate. These results show that for a given industrial structure of the economy, higher income countries are likely to achieve the delinking of CO 2 emissions from income. 
